Extracorporeal membrane oxygenation (ECMO) is becoming a common procedure to support patients with severe cardio-circulatory or respiratory failure as well as in case of combined compromise of the two systems. Deciding which ECMO configuration and proceeding with an uneventful implantation, however, may present minor or major shortcomings. Cannulation techniques should be tailored to specific patient conditions to provide sufficient regional and systemic perfusion, both of which must be comprehensively monitored. Changes in the patient's status or suboptimal ECMO-related support, however, may occur and should trigger re-appraisal of the cannulation strategy and circuit configuration. This dynamic management, based around the adequacy of end organ perfusion and patient requirements, may dictate ECMO configuration and cannulation changes. In these circumstances, adjunct of a cannula in the venous or arterial vasculature may represent a mandatory procedure to solve unfavorable hemodynamic status or enhance ECMO efficiency. These type of ECMO configurations, different from basic one, and called hybrid configurations, may represent, therefore, a critical aspect of optimal ECMO management towards optimized and successful temporary support. The aim of this review is to critically appraise and summarize the existing literature on adult ECMO configuration including cannulation strategies and circuit arrangement, and highlighting more complex pattern required in some specific clinical settings.
Introduction
Extracorporeal membrane oxygenation (ECMO), also known as extracorporeal life support, is an established intervention for patients with isolated refractory heart and lung failure or for the concomitant severe dysfunction of the two systems. Veno-arterial (V-A) ECMO provides support for both the heart and the lungs, whereas veno-venous (V-V) ECMO provides support only for the lungs 1, 2 . Over the last decade, there has been a remarkable rise in both lung and heart applications ( Figure 1) .
To initiate ECMO, temporary support mode and implantation of cannulas in arterial and venous vessels or only in the 76 V Sorokin et al. venous vasculature are usually considered a straightforward decision-making and procedure. However, differential hypoxemia potentially leading to hypoxia, end-organ damage, inadequate drainage to maintain proper ECMO flows, reduced left ventricular (LV) ejection with pulmonary, left atrial (LA) or LV blood stasis, left cardiac chamber dilatation, and myocardial or limb ischemia are a few of the complications that can arise as a consequence of inappropriate cannulation strategies or ECMO mode dictating a change in support strategy and configuration 3, 4 . This review will outline different ECMO modes and fundamentals of cannulation strategies to achieve adequate perfusion and effective organ support and recovery, particularly highlighting more complex ECMO patterns, so called "hybrid configuration", sometimes necessary to overcome ongoing shortcomings or improve ECMO efficiency 5 -7 .
Methods
A literature review from January 1994 till June 2016 was performed using PubMed, Medline and Google scholar electronic databases using ECMO-related keywords. The related articles including original papers, review articles, guidelines, reports of the Extracorporeal Life Support Organization (ELSO) Registry, and case reports, were analyzed. Appropriate medical and engineering articles on new technology were included if appropriate within the context of this review.
ECMO configuration: V-A versus V-V
The decision to establish a V-V or V-A ECMO configuration will depend on the nature of the underlying disease, the rapidity of functional decline, and the severity of illness 8 . If the indication for ECMO is primary cardiac failure with cardiogenic shock refractory to conventional therapy or cardiac arrest, V-A ECMO should be accomplished 9 . If the indication for ECMO is primarily progressive hypoxemia or hypercapnia despite optimal conventional mechanical ventilation and respiratory care, V-V cannulation is the . 10 . V-A ECMO provides direct circulatory and respiratory support but is associated with a higher complication rate and poorer outcomes in some settings 11 -13 . On the other hand, V-V ECMO principally functions as an artificial lung with no direct circulatory support 10 . Understanding the disease process is important, in particular to estimate the duration of the ECMO run and the likelihood that the organ injury and dysfunction is reversible. Quantifying the degree of the concomitant heart and lung failure is important because some illnesses can affect both systems. In situations with reversible lung conditions such as bacterial pneumonia with secondary hypoxia-induced myocardial dysfunction, recovery of cardiac function after restoration of adequate oxygenation by V-V ECMO support could be expected. However, improvement in myocardial performance on V-V ECMO after the restoration of adequate oxygen delivery would not be expected in cases of viral pneumonitis with concomitant myocarditis, nor myocarditis complicated by pulmonary edema. There are clinical data and a number of hemodynamic reasons to favor V-V over V-A (Table 1) . First, V-V ECMO does not increase cardiac afterload that puts the heart under additional stress. Second, V-V ECMO does not cause differential hypoxemia, whereas V-A may, particularly with femoral V-A ECMO because of LV pumping deoxygenated blood from damaged lungs into the coronary and cerebral arteries 12 . Another risk of V-A ECMO relates to arterial cannulation. With any given arterial cannulation technique, the complication rate can be as high as 20% 4, 13 . Patients on V-V ECMO do not have the same vascular complication rates and, when they do occur, are usually less serious 13 . The advantages and disadvantages of V-A ECMO and V-V ECMO are summarized in Table 2 . by puncture and introduction of the cannula over guideline are recommended steps. Guidewire visualization at the cavo-atrial junction and descending aorta are helpful for subsequent cannula positioning 14, 15 . Smooth and easy, push-and-pull, dilator-prepared guidewire advancement is crucial for cannula implantation. The presence of any kinking along the guidewire may represent a point of resistance for cannula advancement and a point at which the cannula may impinge and favor vessel perforation.
At the end of cannula placement, echocardiogram and/or fluoroscopy assessment is critical for effective position and performance.
Appropriate ECMO-related blood flow is another critical aspect to accept or change the ultimate positioning of the cannulas, particularly of the venous one.
. 
Venous cannulation.
Venous cannulation is straightforward in most cases. The goal is to achieve sufficient blood flow through the circuit without excessive round per minute or recirculation. The cannulation site and cannula position will depend on the ECMO configuration and objectives. The first element is the indication for ECMO. V-V ECMO support often requires two venous sites of insertion. In the case of dual cannulation for V-V ECMO, there should be at least 8-10 cm between the two cannulas to avoid significant recirculation 17 . V-V ECMO with a femoral-jugular configuration is commonly used where dual-lumen cannulas are not available or are deemed unsuitable. Outflow supported by a long multi-stage femoral venous cannula combined with a short reinfusion cannula inserted through the internal jugular vein grants excellent flow with minimal recirculation 18, 19 . A reverse, atrio-femoral strategy is used in some centers. This configuration may achieve higher flow, however, at the expense of prominent recirculation of oxygenated pump blood. Femoral-femoral V-V ECMO is less reliable for the same recirculation reason and may not provide sufficient pump flow. We try to avoid the use of two venous cannulas through bilateral femoral veins since the presence of two cannulas in the IVC may cause significant venous stasis in the lower limbs or abdominal veins.
Dual-lumen (DL) cannula for V-V ECMO is gaining an increasing popularity and use, and is generally feasible with single cannula inserted through the neck (right internal jugular vein) 20 . A single cannula with two lumens is commercially available and provides both blood drainage and reinfusion. DL design provides the drain through apertures at the SVC and IVC levels and returns oxygenated blood at the opening directed toward the tricuspid valve. Although this cannula is used in several institutions, it has practical limitations and peculiar complications. A higher pressure gradient In V-A ECMO, single venous cannulation of the femoral vein is the most common strategy 25 . A long femoral cannula of adequate size with the tip positioned at the level of the superior cavo-atrial junction provides adequate flow in most cases. An internal jugular cannula can always be inserted in addition to the femoral vein if drainage is insufficient. The femoral vein cannula, despite its relative simplicity to insert, has disadvantages which should be taken into consideration. Femoral cannulation can limit patient mobility. Also, there may be a greater risk of nosocomial infection if the cannula is inserted in the groin. The right internal jugular vein is an alternative option, provided that an adequately sized cannula is selected. It avoids most of the femoral cannulation shortcomings and still could provide adequate flow 22, 24 . The venous cannula is usually inserted percutaneously using the Seldinger technique. The reasons to perform a cut down for venous cannulation are limited. The cut down technique for venous cannula insertion is a practical choice if the patient has no pulse (i.e. in Cardiopulmonary Resuscitation (CPR)). The second most common reason to perform surgical cut-down is failure of percutaneous access or high-risk patients (morbidly obese patients). The removal of venous cannulas does not require surgery and has only a few, rarely reported complications, such as venous vessel stenosis, deep venous thrombosis, air emboli or hematoma formation 26 . Rarely, severe lower limb swelling from impaired venous return may necessitate changing the cannula to the contralateral limb, after ensuring there is no obstructing thrombus. Alternatively, a smaller cannula might be positioned distally to the major drainage cannula to ensure venous drainage from the lower limb, which is then connected to the main drainage cannula 27 .
Arterial Cannulation
Arterial cannulation is an extremely critical step to ensure both adequate flow and distribution. The cannulation site is an important determinant of both of these goals, and has to be chosen based on each patient's condition and ECMO team's experience 28 . All potentially available techniques are listed in Table 3 .
Peripheral cannulation
There are two important advantages in using femoral cannulation. First, it is fast and can be performed swiftly and effectively even on patients undergoing conventional CPR. Second, it can be performed percutaneously, if the patient has a palpable pulse or in CPR scenarios when the patient has an existing arterial line, which can be used to perform guidewire exchange. If the femoral pulse is not present or the femoral artery does not have a cannula in-situ, cut down access should be used although percutaneous access is often used in expert hands 29 Obtaining femoral access is not always straightforward. Cannulation of the femoral artery is associated with a number of potential complications, which can be as high as 50% 4, 30 . Femoral cannulation can be especially challenging in small or obese patients, or inpatients with peripheral vascular disease 31 . Complications can arise from traumatic insertion leading to dissection or vessel rupture. At the same time, placement of the cannula into the common femoral artery could obstruct the lumen and cause leg ischemia. This may lead to fasciotomy in 2.3% or amputation in up to 10% of cases 26, 31 . Monitoring of distal limb perfusion is essential and we advocate routine distal limb perfusion with a distal perfusion cannula to minimize the risk 25 . Distal perfusion in a retrograde fashion through the posterior tibialis artery is another option 30, 31 . Even if the femoral artery cannula is inserted percutaneously, surgical intervention is usually advisable for explantation 32 . However, with small cannula sizes (15-17Fr) and limited support duration, manual compression may be sufficient, provided coagulopathy is adequately corrected and distal limb perfusion is closely monitored. With larger cannulas (19 Fr or larger), surgical decannulation is recommended 32 . Femoral artery repair under direct vision can be as simple as direct closure of the cannulation site. However, in some cases, major reconstruction is required. This may present as low flow or even no-flow phenomena, with thrombus formation distal to the cannula which may totally or partially occlude the common or superficial femoral artery or embolise distally. Therefore, Doppler imaging of the cannulation site and distal limb arterial sites is recommended during and after decannulation 33 . Collaboration with a vascular surgeon may be necessary, particularly since an immediate check with peripheral Doppler assessment for potential distal embolization following decannulation is also advisable 34 . An alternative to the femoral artery is the axillary artery. Advantages to this include less atherosclerosis, less differential hypoxemia, and greater mobility on ECMO 23, 29 . The disadvantage is that it requires a cut-down technique. The majority of centers that use the axillary artery cannulation prefer a side graft technique with an 8-mm graft 29, 34, 35 . Even though exposure of the artery and graft suturing is a short procedure, this technique is too slow for extremely urgent cannulation, e.g. CPR. Another potential disadvantage of axillary cannulation is hyperperfusion of the same arm with edema and, in extreme cases, compartment syndrome. Hyperperfusion incidents were seen in more than 20% of patients in some series but had low fasciotomy requirement rates 35 . Inserting the graft at an oblique angle so that blood preferentially flows proximally down the innominate artery usually mitigates this effect 36 . The incidence of neuropraxia and graft infection is rare 36 . Carotid artery cannulation is commonly used in young children (<15 kg), which may or may not require ligation of the artery. This cannulation site is generally not used in the adult population because of the risk of stroke in patients older than 3 years, which may be as high as 25% 37 .
Central cannulation
Peripheral cannulation is almost always preferable if access to major arteries is available. In selected cases, central cannulation may be the method of choice. Central cannulation for ECMO is usually utilized after open-heart surgery. The continuous use of open heart cardiopulmonary bypass cannulas can help to avoid the insertion of new cannulas for ECMO 28 . However, leaving the chest open can contribute to significant bleeding and infection risk.
Aside from using it in patients following cardiopulmonary bypass, central cannulation in adults is justified in very few circumstances. The main disadvantage of this strategy is the requirement of sternotomy which is a major surgical intervention with potential life-threatening complications including mediastinitis and bleeding 26, 38 . Taking all of these potential disadvantages into account, it is reasonable to perform central ECMO if small or diseased peripheral arteries preclude the insertion of adequately sized cannulas 39 -41 . Not all patients on central ECMO ahould have the chest left open. Bringing the cannulas to the skin below the sternum and closing the chest may be technically feasible. This facilitates prolonged support, extubation, and mobilization ("walking bypass") but may lead to cardiac compression if weaning is pursued. Alternatively, the cannulas can be brought out above the sternum, which may reduce the risk of kinking. This is more suitable for short-term use, where the patient is not extubated but temporarily supported for 3-4 days and then decannulated prior to extubation.
Choosing the right cannula size and additional approach
An important aspect, which mainly impacts peripheral cannulation, relates to cannula size. In contrast to well-known principles about the indirect relationship between cannula size and pressure at the cannula inlet during ECMO flow, recent trend show increasing adoption of smaller cannulas (particularly for the arterial cannulation, eg. 15 and 17 French size) worldwide. Several authors and clinical trials have reported successful patient outcomes and uncomplicated ECMO runs with such reduced cannula calibers 42 -45 . The reduced size is certainly an advantage, particularly in percutaneously performed cannulation, facilitating cannula placement and withdrawal. However, additional investigations are warranted to better elucidate the impact of such reduced caliber on blood cell integrity and ECMO system efficiency.
Although venting of the left cardiac chambers is a controversial issue regarding modalities and patients selection, it may be considered in patients with progressive ventricular dilatation on ECMO or in those in whom the aortic valve does not open or close well during support 46 .
Dynamic and Hybrid ECMO Strategies
It is important to note that the cannulation strategy may not be fixed for the duration of the ECMO support. Patient physiology or clinical conditions and needs, may change over time (e.g. the heart may recover faster than the lungs) and modifications in ECMO configuration mat be occasionally necessary met, or if complications are arising as a result of the cannulation strategy, e.g. differential hypoxemia 47 . The need to convert to a different ECMO modality should not necessarily be considered as a planning failure, but rather as a response to a patient's dynamic condition 3,5 -7,11,13,19,46,47 . Even in very experienced ECMO centers, conversion from V-V to V-A or from V-A to V-V or hybrid modes may be necessary.
The suboptimal ECMO efficiency may be achieved even with an adequate flow. For example, patients on V-V ECMO can have hemodynamic deterioration (secondary to right, left, or bi-ventricular failure) and require cardio-circulatory support 48 . This can be achieved by the addition of an arterial perfusion cannula to the circuit. This ECMO configuration (also known as veno-arterial-venous (V-AV) ECMO) provides circulatory support through an arterial cannula introduced via the femoral or subclavian artery and is referred to as a hybrid approach 6, 7, 47 . In situations where V-A ECMO does not provide sufficient oxygenated blood to the upper body of the patient (situation usually called "Harlequin Syndrome" or "North/South Syndrome"), an extra inflow cannula can be introduced to the internal jugular vein and deliver oxygenated blood to the pulmonary circulation (V-AV ECMO hybrid approach) 6, 7, 47 . The addition of oxygenated blood returning to the right ventricle and pulmonary circulation can effectively correct differential hypoxemia by providing oxygenated blood through the pulmonary circulation, into the left ventricle, and thus out into the coronary arteries and aortic arch vessels.
In the international summary report of ELSO, hybrid ECMO represents approximately 2% of all documented ECMO runs ( Figure 2) .
Recent technological innovations, such as a new type of cannula with dual-lumen design and its tip positioned in the pulmonary artery (Figure 3) , may provide additional possibilities and configurations, particularly for right ventricular support or V-V ECMO. The major advantage of such a cannula design may be: (i) V-V ECMO with more physiological circulation because oxygenated blood is re-infused directly into the pulmonary artery, (ii) acts as a right ventricular assist device because it bypasses the right ventricle, or (iii) enhance right and left heart drainage with more efficient venous suction in V-AV mode, using both lumens as drainage ports. However, this last strategy may result in lung damage secondary to extremely low flow in the pulmonary circulation. Different modes of hybrid approach according to cannula positions are illustrated in figure 4 .
The application of additional cannula during ECMO support, however, should be considered with caution due to the ongoing anticoagulation for the ECMO run, with higher risk of bleeding, particularly in the arterial vasculature. Furthermore, besides the vascular complications, the choise of a third or forth cannula (Figure 4 ) may represent another port for infection or thrombosis. Hybrid approaches can meet physiological needs but there are some practical requirements. Post-oxygenator blood is split by means of a Y-connector to venous and arterial return limbs. Blood will naturally flow down the path of less resistance (i.e. venous). Thus a Hoffman clamp on the venous return limb needs to be used to balance the proportion of blood returning into the arterial and venous circulation 47 . A separate flow probe is also necessary at 
Clinical Series of Hybrid ECMO Configurations
Werner and associates described the results of using V-VA ECMO in 23 adult and 8 pediatric patients 7 . In the adult group, the reason for conversion to such an ECMO configuration were cardiac failure (46%), North/South Syndrome (38%), and worsening hypoxia (15%), whereas in the pediatric group reasons were North/South Syndrome (42%), cardiac failure (29%) and worsening hypoxia (29%). Survival rate were 39% in adults and 71% in pediatric subjects, with neurological complication occurring in 13% of the adult cases, and 29% of the pediatric ones 7 . Another relevant experience was reported by Biscotti and colleagues who showed the outcome in 21 patients who ultimately received a hybrid ECMO mode 47 . In this series,, 8 patients died on ECMO, whereas 4 after ECMO weaning , leading to a 42% survival rate at hospital discharge 47 . Noteworthy, in one patients a more complex ECMO mode, namely VVV-A, indicating that also two venous cannulas might be insufficient for appropriate venous drainage and a third one was necessary to achieve satisfactory ECMO flow. In this series, conversion from initial VV to VV-A or VVV-A was required in 8 patients, whereas from V-A to V-AV in 2. Interestingly, in 11 patient in whom an initial V-AV configuration, no change was necessary. Survival rates in these group were 50%, 50% and 39%, respectively 47 . Ius and collaborators confirmed the ELSO Registry data of 2% of ECMO patients requiring hybrid configuration in their series 6 . However, in their clinical experience, the main hybrid mode was V-AV since 9 over 10 patients had originally a V-V ECMO mode and then switched to V-AV because mainly of right heart failure, whereas 2 patients had this mode for the occurrence of pericardial tamponade, and only one patient had originally a V-A and was converted to V-AV due to hypoxemia 6 . The eventual survival of this experience was 50%, with a rather high complication rate (70%).
Finally, Stohr and associates assessed their results in a groupd of 30 patients affected by severe ARDS and submitted to three different configurations, namely V-V, V-A and V-VA. Interestingly, mortality rates in the three groups were as follows: 63% in the V-V, 75% in the V-A and 27% in the V-VA 5 .
Conclusion
There are a number of different ECMO cannulation strategies and configurations. development of organ failure should trigger a re-appraisal of the cannulation strategy and circuit configuration due to suboptimal ECMO performance or related to new clinical, hemodynamic or metabolic conditions. The advent of new cannulas and the appraisal of the relevance and feasibility of more complex ECMO modes and configuration (hybrid ECMO) has broadened the clinician options, but at the same time mandate a more careful assessment of ongoing patient conditions. In the future, newer cannula designs should facilitate more efficient, more versatile ECMO support, and with minimally invasive access, enhance ECMO utilization and hopefully reduce complications.
